The prenatally androgenised (PA) sheep is a well-recognised model for the study of developmental programming of adult polycystic ovary syndrome (PCOS). Most of the studies to date have involved examination of the reproductive and metabolic effects in the offspring after puberty, but more recently, it has been reported that there is disruption of follicle formation and steroid gene expression in ovaries of foetal sheep after exposure of the mother to excess androgen. Our study examines evidence for precocious primordial follicle formation at day 90 of gestation in ovaries of foetal Poll Dorset sheep. Using a specific marker of germ cells (VASA homologue protein) in ovarian sections, we found that androgenised sheep had nearly double the proportion of germ cells enclosed in follicles compared with control animals. When analysed by follicle stage, there was no significant difference between groups in the proportion of primordial follicles and growing (transitional and primary) follicles. Differences between PA and control foetal sheep were found in both mRNA and in protein expression of steroidogenic enzymes and androgen receptor. Our results in Dorset ewes are complementary to previous reports, but suggest that the timing of follicle formation and steroidogenic activity may vary between different breeds as well as in response to androgen. These data show that granulosa cells constitute a specific target for programming by androgen in utero and raise key questions about the role of exposure to androgen in utero in developmental origins of PCOS.
Introduction
Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in women, affecting 5-10% of females of reproductive age (Franks 1995 , Diamanti-Kandarakis et al. 1999 . PCOS is clinically evident at puberty, but emerging data from suitable animal models suggest that exposure to excess androgen during critical periods of gestation can programme the appearance of PCOS traits in adulthood (Abbott et al. 2002 , Padmanabhan & Veiga-Lopez 2011 . In one of these models, the prenatally androgenised (PA) sheep, animals are exposed during gestation to high doses of testosterone, administered to their mothers (Sharma et al. 2002 , Forsdike et al. 2007 , Padmanabhan & Veiga-Lopez 2011 , 2013 . Prenatal testosterone excess leads to reproductive and metabolic abnormalities in offspring during puberty and beyond that closely resemble those observed in PCOS. More recently, similar experimental protocols have been employed to assess the impact of androgens (whether given to the mother or directly to the foetus) on foetal ovarian function (Smith et al. 2009 , Hogg et al. 2011 .
The purpose of our study was to investigate, in foetal Poll Dorset sheep, whether prenatal androgenisation affects the formation of primordial follicles in the ovary at day 90 of gestation, a time when there is active (but incomplete) follicle formation. By means of immunohistochemistry (IHC) for a specific marker of germ cells (VASA protein), it was possible to establish the proportions of germ cells that were enclosed by pre-granulosa (somatic) cells to form primordial follicles. We also wished to examine the effect of androgen exposure on activation of follicle growth (i.e., recruitment of follicles into the growing pool). As an important adjunct to the study of follicle dynamics, we investigated the effects of androgen on foetal ovarian steroidogenesis by measuring the expression of mRNA and protein for androgen receptor (AR) and key steroidogenic enzymes in the androgen biosynthetic pathway.
Materials and methods

Animals
Overall, 12 of 25 female Poll Dorset sheep received injections of testosterone propionate (100 mg i.m. biweekly) from day 30 to 90 of gestation in the second breeding season, as previously described (Forsdike et al. 2007) . Gestation was interrupted and ovary samples from 12 foetuses (six androgenised; six control) were obtained at day 90. Samples for IHC and gene expression were obtained from the same or contralateral ovary. This study was carried out under Home Office (UK) Project licences number 80/1037 and 80/1506.
Immunohistochemistry
Ovaries were removed from foetal sheep at day 90 of gestational life and sections prepared for IHC by methods well established in our laboratory (Stubbs et al. 2005 . Briefly, slides were dewaxed and rehydrated through an alcohol series. Antigen was retrieved with citrate buffer (0.01 mol/l, pH 6, boiling for 20 min), and exogenous peroxidases were blocked with 0.3% hydrogen peroxide in methanol (30 min). Nonspecific antibodybinding was reduced by 20 min incubation with 10% (vol/vol) normal goat serum in PBS (Invitrogen Life Technologies) supplemented with 4% (wt/vol) BSA (Sigma-Aldrich). The sections were labelled using the following antibodies: AR (RDI-andracept abr, RDI Fitzgerald Industries, Concord, NH, USA), CYP17A1 (P450c17; from Dr Richard Parker Jr, University of Alabama at Birmingham, USA), HSD3B2 (3bHSDII; from Dr JI Mason, Edinburgh University) and VASA homologue antibody (from Dr T Noce, Mitsubishi Kagaku Institute from Life Sciences, Japan). Apart from the VASA antibody, which was used without dilution, optimal concentrations of antibodies were determined (after the setup of antibody dilution curves in PBS with 20% goat serum) to be respectively 1:1600 for AR, 1:40 for CYP17A1 and 1:200 for HSD3B2. All primary antibodies were incubated overnight at 4 8C. The sections were subsequently incubated with secondary antibodies: goat anti-mouse (BA9200, Vector, Peterborough, UK) for VASA and CYP17A1 and goat anti-rabbit (E0432, DAKO, Glostrup, Denmark) for the other proteins. The expression of AR, CYP17A1 and HSD3B2 was visualised using a peroxidase-conjugated avidin-biotin complex (60 min; Vector Laboratories) and 3,3-diaminobenzidine tetrahydrochloride (5 min in the dark; Zymed Laboratories, Cambridge, UK), while VASA was visualised by 3-amino-9-ethyl carbazol substrate chromogen (K3464, DAKO). Negative controls were carried out by omission of primary antibodies. After labelling, images of the full ovary (central section) were generated and all follicles and/or germ cells were counted, classified (as primordial, transitional or primary follicles) and identified for the presence of positive staining using a DXM 1200 digital camera Nikon (at 60! magnification). Histological classification of oocytes and follicles was performed primarily by FVC who was blinded to treatment procedure, i.e. whether sections were taken from PAtreated or control animals. Verification of the results in random sections was undertaken by an RA in the laboratory, who was also experienced in histological assessment of ovarian follicles.
Quantitative PCR
cDNA was prepared from mRNA extracted from whole ovary from five controls and six PA foetal sheep after treatment with DNAse I and SuperScript II reverse transcriptase (both from Invitrogen Life Technologies), according to the manufacturer's instructions and employed in a series of quantitative PCR (qPCR) studies. qPCRs were performed using KAPASYBR FAST Master Mix (2!) ABI Prism (Kapabiosystems, Wilmington, MA, USA) and analysed by StepONe Plus Real-Time PCR System (Applied Biosystems). Details of the primers used are provided in Table 1 . We used the 2-DDCq (Livak) method to quantify relative gene expression (Schmittgen & Livak 2008) and ran standard curves (to confirm 90-100% efficiency). Annealing temperatures used were 56.4 8C for CYP17A1 and AR, 59 8C for RPL19 and HSD3B2 (Table 1) .
Statistical analysis
Where appropriate, data were stored in Microsoft Excel files. Statistical analysis of the effect of treatment on the proportion of growing follicles was carried out using Stata 10 for Macintosh (Stata Corporation, College Station, TX, USA), using logistic regression (logit command) for comparison of proportions of follicles, with CIs being computed using the Huber-White estimator of variance, adjusted to allow for clustering by sheep, as implemented in STATA using the 'cluster' option' (http://www.ats.ucla. edu/stat/stata/webbooks/reg/chapter4/statareg4.htm). This takes account of possible within-sheep correlation in follicle development. We have previously published the rationale for using this approach for analysis of human ovarian samples (Webber et al. 2003 . Also using Stata 10, mean proportions of follicles at each stage of development, which were positive for AR or 3bHSD (with one or more positive granulosa cells (GCs)) in control and androgenised, sheep were therefore computed and compared using logistic regression (clustered by sheep). Mean proportions of AR-or 3bHSD-positive GCs at each stage of development were computed and compared using binomial regression (binreg command), (clustered by sheep). P values were corrected for multiple comparisons at each stage of follicle development using the Bonferroni correction. In all cases, a probability value (P) of !0.05 was considered to be statistically significant.
Results
Follicle formation in PA foetal sheep ovaries at day 90 of gestation
Immunolocalisation of VASA, a specific marker of germ cells, was used to distinguish the proportions of germ cells that were enclosed in follicles. As expected, VASA staining was localised to the cytoplasmic area of germ cells (Fig. 1A , B and C). Overall, 7246 germ cells and 1969 follicles were analysed: 2541 germ cells and 897 follicles in ovaries of PA sheep, and 4699 germ cells and 1005 follicles in ovaries of control sheep (Table 2) . The proportion of germ cells enclosed in follicles was significantly increased in PA sheep foetal ovaries when compared with normal sheep ovaries at day 90. As can be seen in Fig. 1D and E, PA sheep had nearly double the proportion of primordial follicles related to germ cells (PZ0.0022) ( Table 2 ).
Follicle activation in PA foetal sheep ovaries
We examined the proportion of follicles at the primordial and early growing preantral stages (transitional and primary) in PA and control animals (Fig. 2) . The difference between PA animals and controls was not significant.
AR expression
The presence of AR in samples of whole-ovarian tissue (nZ5 animals for controls, nZ6 for PA) was evaluated by qPCR and in fixed and prepared ovarian sections by IHC (see Supplementary Table 2 ). In total, 567 follicles (263 in controls and 304 in androgenised sheep) and 4032 granulosa cells (1878 in controls and 2154 in androgenised sheep) were analysed in IHC studies.
Immunolabelling for AR protein was abundant in granulosa cells and stromal cells in the foetal ovary sections at day 90 of gestation ( Fig. 3A) , but a significantly higher proportion of follicles at the primordial primary stage expressed AR protein in androgenised animals compared with controls (P!0.0001, STATA, using the 'cluster' option). The effect of both follicle stage and treatment was analysed using logistic regression (logit command) (Fig. 4A) . Moreover, when assessing the proportion of AR-positive GCs, a higher proportion of GCs (clustered by animal) in primordial and primary follicles from PA ovaries were AR-positive compared with ovaries from controls. In control animals, but not PA animals, there was also a stage-related increase in the proportion of GCs expressing AR protein (Fig. 4B ).
There was, however, no significant difference between PA and control animals in the expression of mRNA for AR, as measured by qPCR in tissue prepared from wholefoetal ovary.
HSD3B2I and CYP17A1 expression
HSD3B2 (3bHSD2) protein expression was mainly confined to GCs, but was also observed in the interstitial stroma (Fig. 3B) . When the proportion of follicles positive for HSD3B2 protein was analysed according to follicle stage, the proportion of follicles staining positive for HSD3B2 was higher at both the primordial (PZ0.0006) and transitional stages (PZ0.0006) in androgenised sheep compared with control sheep (Fig. 5A) . The proportion of GCs staining positive for HSD3B2 was also higher at primordial (PZ0.0024) and transitional stages (PZ0.0135) in androgenised sheep compared with controls, clustered by animal (Fig. 5B) . Gene expression for HSD3B2 was, however, not significantly different between controls (nZ5) and androgenised sheep (nZ6) (PA sheep: fold change 0.97 (0.64-1.46) vs control sheep: 0.97 (0.75-1.35), (median, IQR)). In control animals, there was stage-related increase in the proportion of follicles (Fig. 5A) and GCs (Fig. 5B ) expressing HSD3B2. Maternal exposure to androgens was associated with a reduction in the CYP17A1 gene expression in foetal sheep ovary at day 90 (PA sheep: fold change 0.43 (0.30-0.72) vs control sheep: 1.5 (0.72-2.22) (nZ5), (median, IQR); PZ0.0004, Mann Whitney). Protein expression of CYP17A1 was barely detectable by IHC in these studies and therefore not quantifiable (data not shown).
Discussion
The most important findings of this study were the differences between PA and control sheep in i) enhanced follicle formation and ii) altered expression of AR and steroidogenic enzymes in the foetal ovary. These findings largely support those of previously published work in the foetal sheep but differ from these studies importantly in terms of effects on timing of follicle formation and in activation and development of preantral follicles.
Evidence for advancement in the timing of follicle formation has previously been suggested by Smith and AR protein expression in follicles and GCs in foetal sheep ovary. (A) AR protein was expressed in a higher proportion of primordial follicles (P!0.00001). In control follicles, the proportion of AR-positive follicles increased with follicle development, and was higher at the transitional (PZ0.001) and primary (PZ0.002) stages compared with primordial follicles. (B) The proportion of GCs expressing AR protein was significantly higher in PA animals at the primordial and primary stages, compared with those from control animals. In control animals, the proportion of ARpositive GCs increased with follicle development. Asterisks over error bars represent significant differences compared with the primordial stage. Data were analysed using logistic regression, clustered by animal (STATA); *P!0.05, **P!0.01, ***P!0.001 and **** P%0.0001. Values are means and 95% CI.
colleagues (Smith et al. 2009) , although in those studies the difference (in total follicle number) between PA and control animals was observed at 140 days gestation rather than at 90 days. Neither testosterone nor DHT affected the total number of germ cells in the foetal ovary, but these investigators did not examine the proportion of germ cells enclosed in primordial follicles in the above-mentioned study. The two studies are therefore not directly comparable, not simply in terms of results but also taking into account the differences in breed of sheep and methodology. In this study, we used sections from core biopsies labelled with VASA (a very specific marker for germ cells), whereas Smith et al., used stereological analysis of H and E tissue. In addition, our classification of follicle stages included transitional follicles (type 1a; intermediate between primordial and primary) as growing follicles, a stage not included in the previous study. With regard to follicle activation, we found no significant difference between PA and controls. These observations are in contrast to the findings of Smith et al. (2009) who found an increased proportion of growing follicles in both PA foetal sheep ovaries in late gestation and in adult offspring of PA animals. In their study, Smith et al. (2009) found differences between the effects of testosterone and dihydrotestosterone on follicle development. Specifically, they observed that activation of primordial follicles was increased significantly in testosterone-treated animals but less so in DHT-treated animals. They therefore suggested that the effect of testosterone on activation of follicle growth was mediated by conversion to oestradiol. This is plausible given that both placenta and possibly foetal ovary have the capacity to convert testosterone to oestradiol by the action of aromatase. However, in these studies, the doses of testosterone given are in excess of the capacity of placental aromatase to generate oestradiol so that the net effect is nevertheless predominantly androgenic (for example the external genitalia become masculinised) (Padmanabhan & Veiga-Lopez 2011) .
We observed increased expression of AR protein (but not in mRNA) in the follicles and granulosa cells of PA sheep ovary. These results are consistent with those of a previous study by Ortega et al., which reported enhanced protein expression of AR in the foetal ovary of Suffolk sheep, in that case detected by optical density (Ortega et al. 2009 ). The inability to detect differences in AR mRNA levels between PA and control ovaries is consistent with the findings of Hogg et al. (2011) in Scottish Greyface sheep. This disparity between AR gene and AR protein expression may reflect the lack of cell specificity of assessing gene expression from RNA prepared from whole ovary. However, it is well recognised that the abundance of protein does not necessarily correspond to the levels of mRNA (Maier et al. 2009 , Vogel & Marcotte 2012 . It is plausible that androgenisation has differential effects on gene transcription, translation and protein stability.
Another example of discordant gene and protein expression can be seen in the finding of an increased proportion of HSD3B2 protein-positive follicles (and GCs) in PA sheep ovaries whilst gene expression for HSD3B2 was not affected. If increased HSD3B2 protein expression is associated with increased activity of the enzyme in granulosa cells, it would imply a shift from the delta-5 to Expression of 3BHSD2 protein in foetal sheep ovary. The proportions of follicles (A) and of granulosa cells (B) immunolabelled for 3BHSD2 were significantly increased at both primordial and transitional stages in follicles of PA compared with control ovaries. *P!0.05, **P!0.01, ***P!0.001 and ****P!0.00001 (STATA).
the delta-4 pathway of steroid biosynthesis in PA ovaries. Perhaps surprisingly, gene expression of CYP17A1 appears to be suppressed by excess testosterone, but the decrease in gene expression of CYP17A1 observed in our samples that echoes the findings of a recent report of Hogg et al. (2011) in which not only CYP17A1 but also STAR and CYP11A1 expression was reduced in the PA foetal ovary. Once again, changes in mRNA may not correspond to protein levels or activity but, in our study, CYP17A1 protein expression was too low to allow accurate morphometric quantification. The differences between PA and control animals in the timing and/or extent of follicle formation also raise the question of the possible effects of prenatal exposure to androgen on the balance between cell proliferation and cell death. In a recent paper, Salvetti et al. (2012) has shown that BCL2 (an anti-apoptotic factor) is decreased in PA ovaries at day 90 (only) while other important mediators of proliferation and apoptosis (such as PCNA, caspase-3, FAS-ligand and BAX) were minimally affected.
In summary, the results of this study of Poll Dorset sheep indicate clearly that in foetal PA ovaries at day 90 of gestation there is a concomitant increase in AR protein expression in granulosa cells and important changes in both follicle formation and steroidogenesis. Given that there is an increase, compared with controls, in the density of preantral follicles in tissue from women with polycystic ovaries (Webber et al. 2003 , these findings support the concept that aberrant follicle development in PCOS is programmed by exposure of the ovary to excess androgen during foetal life.
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